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An 8-kilobase fragment already known to contain the gyrA gene of BaciUus subtilis was shown to encode the
gyrB gene as weil. Plasmids containing this fragment can rescue both B. subtiis gyrA and gyrB mutants and
complement Escherichia coli gyrA mutants. Deletion analysis has indicated the gene locations on the cloned
fragment. Under low-stringency conditions the cloned E. coli gyrA and gyrB genes each hybridized to the
appropriate subfragments, confirming the assignment of the gene locations on the cloned DNA. In E. coli
maxicells, proteins of 67,000 (gyrA) and 77,000 (gyrB) Mr were synthesized. Analysis of proteins encoded by
various subfragments indicated the direction of transcription. Although the gyrA and gyrB genes are located
adjacent to each other on the chromosome, they may be transcribed independently since expression of gyrA
protein is not dependent upon the gyrB gene in maxicells.
DNA gyrase is a type II topoisomerase required for DNA
replication, transcription, and recombination (for reviews,
see references 5, 9). In addition to these essential functions,
gyrase has been shown to be involved with the process of
sporulation in Bacillus subtilis (28). The Escherichia coli
enzyme is composed of two A subunits encoded by the gyrA
gene and two B subunits encoded by the gyrB gene. These
two genes map on widely separated regions of the E. coli
chromosome (1). In B. subtilis, however, gyrA and gyrB
have been mapped to the same region of the chromosome,
near the origin of replication (13). The E. coli gyrA and gyrB
gene products are 105,000 and 95,000 Mr, respectively (5).
The wild-type E. coli gyrA gene is dominant to the nalidixic
acid-resistant mutation (11).
We are studying the origin region of the B. subtilis
chromosome. An 8-kilobase (kb) restriction fragment from
this region was cloned and shown to contain the gyrA gene
(17). It does not contain a functional origin or membrane-
binding properties. In further genetic characterization of this
cloned fragment, we have shown that it encodes both the
gyrB (this manuscript) and recF (submitted for publication)
gene products. Plasmids containing part or all of the entire
8-kb fragment rescue B. subtilis gyrB mutants. Subfragment
analysis and hybridization by the cloned E. coli gyrA and
gyrB genes were used to localize these Bacillus sp. genes on
the cloned fragment. In E. coli maxicells, proteins of 67,000
(gyrA) and 77,000 (gyrB) Mr are synthesized. The Bacillus
sp. gyrA and gyrB genes, even though adjacent, appear to be
independently transcribed.
MATERUILS AND METHODS
Bacterial strains. The relevant genotypes of the E. coli and
B. subtilis strains used in this study are listed in Table 1.
Media. LB broth and 1.5% agar for E. coli growth were
made according to Miller (19). Tryptone blood agar base
(TBAB) and antibiotic medium no. 3 for Bacillus sp. cultures
were purchased from Difco Laboratories. Minimal medium
for Bacillus sp. was prepared according to Spizizen (26).
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Recombinant plasmid and phage constructions. The 8-kb
origin region fragment found in plasmid pAKi and various
subclones derived from it are diagrammed in Fig. 1. They
were constructed in vector pJH101 (8) or pMK4 (27) as
indicated in Fig. 1. Plasmid pML2 was constructed by using
the same strategy that resulted in isolation of the 8-kb
fragment (17). Chromosomal DNA was isolated from strain
168 in which plasmid pE6' was integrated into its homolo-
gous fragment in the chromosome. This DNA was digested
to completion with restriction endonuclease SalI and ligated
in dilute solution to favor fragment circularization. The total
ligation reaction was introduced into E. coli strain HB101 by
transformation, and ampicillin-resistant transformants were
selected. A plasmid larger than the vector was isolated.
Digestion with Sail, BamHI, and EcoRI showed it to contain
the corresponding fragments of the correct size. Plasmid
pM2 was digested with Sail and BamHI, the products were
separated by electrophoresis, and the 1.7-kb Bacillus sp.
fragment was isolated by using DE81 paper according to the
method of Dretzen et al. (7). The purified fragment was
ligated into vector pJH101 at the Sall and BamHI sites, and
the resultant plasmid was designated pML4. Plasmid pNals
was constructed by inserting the 6.2-kb EcoRI fragment into
vector pMK4 (27). Plasmids pBamA and pSalA were made
by digesting pNals with BamHI or Sall, respectively, and
ligating the products in dilute solution to favor fragment
circularization and then introduced into E. coli strain HB101
by transformation. Plasmids from small-scale lysates of
ampicillin-resistant HB101 transformants were examined by
agarose gel electrophoresis for molecules of the predicted
size. One representative plasmid from each construction
was examined by restriction analysis for the correct subfrag-
ment. Plasmids pSLS447 and pSLS310 containing the cloned
genes for E. coli gyrA and gyrB, respectively, were kindly
provided by S. Swanberg and J. Wang.
Recombinant phage 18-1 was constructed by ligating DNA
from a Nalr fraction of EcoRI-digested chromsomal DNA to
X gtWES * X B (2, 9, 17).
Enzymes. Restriction endonucleases, T4 DNA ligase, and
E. coli Poll were purchased from Bethesda Research Labo-
ratories, Inc., and used according to their instructions.
Lysozyme and DNase were purchased from Sigma Chemical
Co.
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TABLE 1. Bacterial strains used
Strain Relevant genotype Source
E. coli
LL308 gyrA (Nal9) K. Drlica
KNK453 gyrA43(Ts) E. coli Genetic
Stock Center
CSR603 recAl uvrA6 phr-J A. Sancar
HB101 recAI3 This laboratory
MG1063 F+::TnlOOO A. Sancar
B. subtilis
168 trpC2 This laboratory
N10 gyrA (Nalr) This laboratory
168 Novr gyrB (Novr) C. Orrego
Orrego A
Materials. Materials were obtained from the follow-
ing sources: agarose, nalidixic acid, ampicillin, protease,
RNase, D-cycloserine, spectinomycin, brilliant blue R, and
deoxynucleoside 5'-triphosphates from Sigma Chemical Co.;
acrylamide and N,N'-methylenebisacrylamide from Be-
thesda Research Laboratories; ammonium persulfate and
protein molecular weight standards from Bio-Rad Laborato-
ries; novobiocin from The Upjohn Co.; chloramphenicol
from Parke-Davis and Co.; Sephadex G-100 from Pharmacia
Fine Chemicals, Inc.; DE-81 paper from Whatman, Inc.;
cesium chloride from KBI; [35S]methionine (1,100 Ci/mmol)
from Amersham Corp.; [a-32P]dCTP (800 Ci/mmol) from
New England Nuclear Corp.; diethyl oxydiformate and
N,N,N'-tetramethylethylenediamine from Eastman Kodak
Co.; sodium dodecyl sulfate from Fisher Scientific Co.; and
Sarkosyl from Geigy Industries.
DNA isolation. Rapid small-scale plasmid preparations
from E. coli were performed according to the method of
Holmes and Quigley (14). Large-scale plasmid isolation from
E. coli was done by a modification of the method of Norgard
(22), which uses 1% sodium doderyl sulfate to lyse the cells
instead of Brij-58 and sodium deoxycholate. Chromosomal
DNA for transformation was isolated from B. subtilis ac-
cording to the rapid method of Potvin (B. Potvin, Ph.D.
thesis, University of North Carolina, Chapel Hill, 1973), and
chromosomal DNA for digestion with retriction enzymes
was isolated by the procedure of Saito and Miura (23).
Genetic techniques. Plasmids were introduced into E. coli
strains after calcium chloride treatment as described by
Dagert and Ehrlich (6). B. subtilis was made competent for
plasmid and chromosomal transformations by the method of
Boylan et al. (3).
Wild-type E. coli and B. subtilis cells are sensitive to
nalidixic acid (Nals). Plasmid-containing transformants were
tested for ability to grow on L agar and TBAB plates
containing 20 ,ug of nalidixic acid per ml. The wild-type gyrA
gene is dominant to the nalidixic acid-resistant (Nall allele.
NalV E. coli and B. subtilis transformants were selected on
ampicillin and chloramphenicol, respectively, to ensure hy-
brid plasmid introduction. Individual chloramphenicol-resist-
ant (Cam) colonies were replica plated to nalidixic acid
plates to determine conversion to the sensitive wild-type
phenotype. The novobiocin-resistant (Nov9 B. subtilis strain
is able to grow on TBAB plates with 2.5 ,ug of novobiocin
per ml. Conversion to the wild-type phenotype was tested by
selecting for Camr plasmid transformants and subsequently
determining whether they had become sensitive to this level
of novobiocin.
Transposon TnlOOO insertions. Transposon Tn1OOO inser-
tions were isolated by the method of Guyer (10). Insertion
sites were determined by restriction enzyme analysis.
Maxicelis. Proteins synthesized by plasmids were ana-
lyzed following the protocol of Sancar et al. (24). Plasmids
were introduced into the E. coli CSR603 maxicell strain after
calcium chloride treatment. The appropriate antibiotic-resist-
ant transformants were screened to ensure that they con-
tained the full-size plasmid by electrophoretic comparison
with the plasmid introduced. Plasmid-encoded proteins were
radiolabeled with [355]methionine after UV treatment of
CSR603 transformants. Total lysates were separated by
electrophoresis in 7.5 or 10% sodium dodecyl sulfate-
polyacrylamide gels (16), and the gels were dried and auto-
radiographed.
















FIG. 1. Restriction map of the cloned 8-kb origin region fragment. Subclones are indicated below the map. Genetic activity is shown by
a plus or minus to the right of each subclone. Restriction sites: Bam, BamHI; RI, EcoRI; Sal, Sall; Sph, SphI. (1) Vector pJH101 (8) replicates
only in E. coli; (2) vector pMK4 (27) replicates in both E. coli and B. subtilis.
Soh -
kb
Ri RI Sal Bram RI
1. I I I 2*2

































H IG H LOW
FIG. 2. Hybridization of pAK1 with the E. coli gyrA gene (clone pSLS447 digested with BamHI [B]). Plasmid pAKi DNA was digested
with a combination of the restriction enzymes BamHI, EcoRI, and Sail (labeled B, E, and S) and electrophoresed in a 0.8% agarose gel. After
a duplicate transfer, the blot was hybridized with radioactively labeled pSLS447 (gryA) plasmid DNA. Low-stringency conditions' (70%) were
used in the hybridization of the filter labeled LOW and high-stringency conditions (88%) were used for the filter labeled HIGH. Standards
were lambda digested with HindIII and 4oX174 digested with HaeIII. The 2.2-kb EcoRI-BamHI fragment is noted at the right.
Hybridization. The modified Southern procedure de-
scribed by Smith and Summers was used to transfer DNA
restriction fragments from agarose gels to nitrocellulose
filters (25). DNA was radiolabeled with [a-32P]dCTP by nick
translation following the method of Maniatis et al. (20). The
nitrocellulose sheets were inciubated in 10 ml of hybridiza-
tion buffer (20) with about 107 dpm (approximately 1 ,ug) of
probe. Low-stringency (70%) hybridization was conducted
in 6x SSC (SSC = 0.15% M NaCl plus 0.015 M sodium
citrate) with 0.5% sodium dodecyl sulfate at 529C for 16 to 20
h. The filters were washed extensively with 0.1 x SSC-0.05%
sodium dodecyl sulfate at room temperature, dried, and
autoradiographed. The same procedure was followed for
high-stringency (88%) hybridization except that the incuba-
tion was at 70'C and the washes were done at 52°C.
RESULTS
Cloning and genetic characterization of an origin region
fragment. Plasmid pAK1 was constructed by excising
plasmid pE6' from the chromosome of the recombinant-pro-
ficient (Rec+) wild-type B. subtilis strain 168 with the
restriction endonuclease SphI, circul4rization in dilute solu-
tion with T4 DNA ligase, and recovery after introduction
into competent E. coli (17). The resultant molecule con-
tained an 8-kb fragment of DNA from the B. subtilis origin
region. We previously determined that pAKi encoded the
gyrA gene by complementation of E. coli and rescue of B.
subtilis strains (17).
Since gyrA, gyrB, and recF map very close to each other
on the B. subtilis chromsome, and since we had previously
shown that the chloramphenicol acetyltransferase gene on
the vector portion of plasmid pE6', when integrated into its
homologous site on the chromosome, was 60%o linked to
gyrB (Novr) by transformation (17), we tested plasmid pAKl
for gyrB genetic activity. This plasmid was introduced into
the 168 Novr Orrego A chloramphenicol-sensitive strain.
Camr transformants were selected on TBAB plates contain-
ing 5 ,Lg of chloramphenicol per ml and verified on plates
J. BACTERIOL.
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FIG. 3. Hybridization of pAKI with the E. coli gyrB gene (pSLS310 digested with HindIII). The triply digested pAK1 described in the
legend to Fig. 2 was electrophoresed in agarose and transferred to nitrocellulose, and the blot was hybridized under low-stringency
conditions. Standards were as described in the legend to Fig. 2; again, B, E, S, or H designates restriction digests with BamHI, EcoRI, Sall,
or lIindIII, respectively.
with 20 Kg of chloramphenicol per ml. Individual Camr
transformants were then tested for growth on agar with 2.5
,ug of novobiocin per ml. Since 3% of the Camr transform-
ants became Nov', these results indicated that the fragment
in pAK1 also contained the gyrB gene.
Phage 18-1 provided stronger evidence that gyrB was
encoded by the cloned 8-kb origin region fragment. This
recombinant phage was constructed by ligation of EcoRI-di-
gested chromosomal DNA from B. subtilis strain N10 (Nalr
Novs) into gtWES AX B (2, 17). DNA from this phage was
introduced into competent B. subtilis strain 168 Novr Orrego
A strain and Nalr transformants were selected. Fifty-five
percent of these Nalr transformants became Nov', con-
firming that the gyrB gehe is encoded in the 6.2-kb EcoRI
subfragment in phage 18-1.
Gene localization. Various subfragments from the 8-kb
insert in pAK1 were religated into plasmid vectors and used
to determine the location of the gyrA and gyrB genes (Fig.
1). These plasmids were introduced into the Nalr B. subtilis
strain N10, and transformants were tested for cohversion to
the wild-type Nals phenotype. The results of this analysis are
summarized in Fig. 1. The results showed that the 2.2-kb
BamHI EcoRI restriction fragment encoded the gyrA gene.
These same plasmids were introduced into the B. subtilis
168 Novr strain, and transformants were tested for conver-
sion to the wild-type Nov' phenotype. These results (Fig. 1)
shows that the 1.7-kb Sail BamHI restriction fragment
encodes the gyrB gene. No B. subtilis transformants could
be isolated after introduction of plasmid pML4. This nega-
tive result suggested that this plasmid contained an internal
fragment of the gyrB gene. Transformants of pML4 would
integrate this plasmid into its homologous chromosomal
fragment, disrupt the essential gyrB gene, and therefore not
be viable.
The cloned E. coli gyrA and gyrB genes confirmed these
genetic localizations. Plasmids pSLS447 (gyrA) and pSLS310
(gyrB) were used in hybridizations under conditions of both
low and high stringency with restriction digests of plasmid
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pAKI (Fig. 2 and 3). The E. coli gyrA-containing plasmid
pSLS447 hybridized to only the 2.2-kb BamHI EcoRI frag-
ment, and the gyrB plasmid pSLS310 hybridized to the
1.7-kb Sall BamHI fragment only under low-stringency
conditions.
Polypeptides encoded by the various plasmids and direction
of transcription. Plasmid pAK1 encodes the vector proteins
3-lactamase and chloramphenicol acetyltransferase but not
the tetracycline gene since this region was eliminated during
cloning (Fig. 4). Proteins of 77,000 and 67,000 Mr are
encoded by the Bacillus sp. insert. These same two proteins
are synthesized from pNals. Both of the smaller plasmids
pML2 and pE6' direct synthesis of the 67,000-Mr protein.
Since the 2.2-kb fragment in pE6' has been shown geneti-
cally and by hybridization to contain the gyrA gene, the
67,000-Mr protein is the gyrA gene product. Plastnid pML2
does not direct synthesis of a second protein even though the
1.7-kb Sall BamHI fragment has beent shown genetically and
by hybridization to encode the gyrB gene. This result
indicates that the gyrB promoter is to the left of the Sall site
and may therefore also indicate that gyrA is independently
transcribed in E. coli maxicells. Plasmid pML2::TnJO00-A4
has a Tn1000 inserted 0.95 kb from the EcoRI site in the
2.2-kb BamHI EcoRI fragment, determined from restriction
enzyme analysis (data not shown), as indicated in Fig. 1.
The 67,000-Mr protein disappeared from maxicell lysates of
pML2: :TnJO00-A4 and a 23,500-Mr cryptic protein was
visible. A protein this size indicates that transcription is
rightward toward the EcoRI site at the end of the Bacillus sp.
insert. A 43,500-Mr protein would have been synthesized
from this insertion if transcription was leftward.
Plasmid pBamA encodes a 72,000-Mr protein, but plas-
mids pSalA and pML4 do not direct synthesis of any proteins
other than those found on the vector. These results confirm
that the gyrB promotor is to the left of the SalI site and
pBamA therefore encodes a truncated gyrB protein. In
addition, these results indicate that the direction of transcrip-
tion of gyrB is toward gyrA.
Correlation of genetic and physical maps. Previous efforts
to place the gyrA, gyrB, and recF markers relative to each
other and to flanking markers were not successful (12).
Reciprocal crosses did not give complementary values. We
tested plasmid pNals in several spoCM mutants, selecting for
Camr transformants. None of the transformahts were altered
in its ability to sporulate (data not shown). The results
presented here and elsewhere (17; submitted for publication)
now clarify the order of these original tmarkers to be purA,
spoCM, recF, gyrB, gyrA, rrnO, guaA, and ts8132.
Functional organization of gyrA and gyrB. Maxicell analy-
sis indicates that gyrA and gyrB may be independently
transcribed. However, only plasmids pAK1, pNals, and
pNalr, which contain both gyr genes, complement gyrA E.
coli mutants. Neither plasmid pML2 nor pE6' complements
these same mutants. These results suggest that both Bacillus
sp. subunits must function coordinately to complement this
E. coli mutant.
DISCUSSION
We previously noted that plasmids containing the gyrA
gene convert only a small percentage of Rec+ Nalr B. subtilis
transformants to Nals (17). The same low frequencies were
also obtained in this study for conversion of Novt B. subtilis
plasmid transformants to Novs. In both cases, the plasmids
tested, pAK1, pML2, and pE6', cannot replicate in Bacillus
sp. Stable Camr transformants result from integration of the


























FIG. 4. E. coli maxicell analysis of pAK1 and its subclones. The
arrows on the right indicate the 77,000Mr gyrB, 67,000-Mr gyrA,
and 23,000Mr cryptic polypeptides. Protein sizes were determined
from commercial standards. On the left, T, A, and C designate
vector-encoded determinants encoding resistance to tetracycline,
ampicillin, and chloramphenol, respectively.
The process of integration results in a duplication of the
chromosomal fragment. One copy should contain the Nalr or
Nov' allele and the other copy should contain the wild-type
allele. The presence of both alleles, if both are expressed,
provides a test of dominance of the wild-type gyrA and gyrB
alleles. The low percentage of Nals and Novs transformants
actually found raised the possibility that the Bacillus sp.
wild-type alleles may not be dominant. Another explanation
was that gene conversion had occurred.
We could distinguish between these two explanations by
examining transformants of the Nalr strain N10 which had
converted to Nals after introduction of pAK1 or pML2. Total
DNA was isolated from one of each of these transformants
and introduced into a 168 wild-type B. subtilis strain by
competence-mediated transformation. Camr transformants
could be isolated, indicating that the vector sequences were
present in the transforming DNA and that transformnation
was occurring. No Nalr transformants were isolated upon
nalidixic acid selection. These results show that the Nalr
(gyrAt) allele is no longer present in the chromosome of this
strain, indicating that gene conversion had taken place.
Iglesius and Trautner (15) have previously reported gene
conversion between a plasmid-borne allele and the chromo-
some. Their results showed a high rate of conversion of the
chromosomal allele to that on the incoming plasmid. Our
results show an opposite direction of conversion, from the
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conversion rates because the plasmid used by Iglesius and
Trautner replicates autonomously and the plasmids tested
here, pAK1 and pML2, cannot replicate autonomously in
Bacillus sp. The process of integration of pAK1 and pML2
may affect the rate of conversion.
The location of the Bacillus sp. gyr genes on the chromo-
some and their exact proximity may be important in regula-
tion of their expression during the cell cycle. The presence
of both genes in the B. subtilis origin region would result in
higher gene doses in actively growing cultures. Menzel and
Gellert (21) have shown that expression of both gyrA and
gyrB of E. coli is increased when the chromosome is relaxed.
It is also accepted that changes in E. coli gyrase expression
can affect linking number of DNA (5, 9). If the B. subtilis
genes respond to linking number changes in an analogous
manner, then because they are adjacent on the chromosome
they might be expected to respond in a coordinated fashion.
The B. subtilis gyrA and gyrB gene products may be
smaller than those from other organisms. In E. coli maxi-
cells, the B. subtilis gyrA gene encodes a 67,000-Mr protein
and gyrB encodes a 77,000Mr protein. The analagous E. coli
proteins are 95,000 and 105,000 Mr and those of Micrococcus
luteus are 97,000 and 110,000 Mr, respectively (5). Since the
gyrA gene is on the end of the cloned 8-kb fragment, it is
possible that the entire gene may not be represented. How-
ever, as indicated by the ability to complement E. coli gyrA
mutants, the gyrA protein can function in this bacterium.
Both Bacillus sp. subunits may be required in E. coli since
only plasmids containing both the B. subtilis gyrA and gyrB
genes would complement an E. coli gyrA mutation. These
results may mean that the Bacillus sp. subunits can only
interact efficiently with each other and that, in vivo, inter-
species subunit mixing does not occur. In contrast, Brown et
al. demonstrated that M. luteus and E. coli gyrA and gyrB
subunits would complement each other in vitro (4). Lother et
al. showed that the combination of the B. subtilis gyrA
subunit and E. coli gyrB subunit was not active in vitro but
the reciprocal combination was active (18).
That the E. coli and B. subtilis gyrase genes share 70%
homology as indicated by the hybridizations reported here
also shows that these genes are conserved between these
two distantly related bacteria. Such high sequence conser-
vation would indicate that gyrase complementation between
these genera could occur. Both the complementation and
maxicell results show that the E. coli RNA polymerase can
recognize and transcribe from the B. subtilis gyrA and gyrB
promotors.
The results presented here and elsewhere (17; submitted
for publication) show that the correct gene order in this
region is purA, spoCM, recF, gyrB (Nov'), gyrA (Nalr),
rrnO, guaA, and ts8132. Previous efforts to position the
recF, gyrA and gyrB markers were not successful because of
epistatic or dominance effects with combinations of these
markers (12). Those results were obtained before it was
known that the Nalr and Novr markers were located in the A
and B subunits of gyrase. Mutants with certain alterations in
both subunits may not be viable because the mutant proteins
may not be able to interact correctly. The same kind of effect
with gyrA recF or gyrB recF double mutants may indicate
the functional in vivo interaction of these proteins.
In conclusion, we have cloned the gyrA and gyrB genes of
B. subtilis on an 8-kb origin region restriction fragment. The
cloned DNA complements and rescues E. coli and B. subtilis
gyrA and gyrB mutants. Deletion analysis and hybridization
by the cloned E. coli gyrA and gyrB genes localize these
Bacillus sp. genes to adjacent sites on the cloned fragment.
E. coli maxicell analysis suggests that gyrA and gyrB are
independently transcribed. Proteins encoded by maxicells
are 77,000 and 67,000 Mr in size. The cloned genes will
enable us to study gyrase from B. subtilis in more detail.
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